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Abstract—Robot escorting is a challenging task that can be
applied to protect a target entity, capturing and to manage
leader-follower formations. A linear combination of minimum
distance maintenance and area coverage as an obstacle avoidance
procedure was shown as an effective tool to escort with a
simulated omnidirectional robot, which can deal easily with the
constantly changing outputs generated by this method. In this
paper, such approach is applied on differential drive robots to
identify particularities of dealing with nonholonomic constraints.
Two approaches of inter-robot distancing were tested and a
perpendicular circling behavior was added. Experiments were
performed using the V-REP simulator.
Keywords—Robotics, Escorting, SLACS
I. INTRODUCTION
Multi-robot escorting is a task where a group of robots
must follow a mobile agent, referred to as the escort target, in
an unknown environment. It is assumed that the robots have
access to the relative position of the escort target, but have
no prior knowledge of its trajectory and of the environment.
They aim to maintain a safe distance from the target in order
to avoid collisions, and must be careful not to collide with
environmental hurdles or other robots. The resulting formation
often results in a circular pattern around the escort target.
This behavior can be used to protect or capture an escort
target, but also can be applied as a building block of a leader-
follower system, where the escort target can be addressed as
the leader. This can be particularly useful when the leader has
different properties than the ones presented by the other robots,
be it a higher processing power, a unique sensor or a special
actuator.
Batista et. al.[3] presented a multi-robot escorting method
with a linear combination of two behaviors: a minimum
distance maintenance, to allow robots to approach the escort
target when far and avoid it when it is too close, and an area
coverage based on Centroidal Voronoi Tessellations (CVTs)
called Sample Lloyd based Area Coverage System (SLACS).
Both behaviors return vectors that are multiplied by an inﬂu-
ence factor. The nature of SLACS’s coverage strategy makes its
result vector vary constantly, often changing to positions that
are not trivial to travel if the robot’s movement is constrained,
as seen in differential drive robots.
In this paper, this behavior combining strategy to achieve
escorting is tested adopting differential drive robots. The
performance of escorting using SLACS as a distancing rule is
compared to the use of repulsive forces from potential ﬁelds
to avoid obstacles. This work brings a preliminary comparison
between these distancing approaches and a discussion on the
limitations brought to escorting combining minimum distance
maintenance and obstacle avoidance when non-holonomic
robots are used.
Moreover, the presented work is an initial step in devel-
oping a leader-follower strategy where wheeled robots act to-
gether with a humanoid robot. One of the possible interactions
between a wheeled robot team and a humanoid leader is to
clear the path from small objects that the humanoid robot might
trip and fall. To start introducing this concept, an additional
encircling behavior is inserted into the escorting behavior.
This paper is organized as follows. In Section II, some
related works are highlighted. In Section III, the adopted
methods are exposed. In Section IV, the experiments are
detailed and the results are presented. In Section V, the results
are discussed. Section VI concludes the presented work.
II. RELATED WORKS
Works where different robots work together have been
approached previously. Wurm et. al. [11] presents a problem
where a wheeled exploring robot cannot reach certain places; a
legged rover robot, albeit slower, is able to go to such places.
In this case, the wheeled robot is able to carry the rover to
these hard to reach regions.
An example of cooperation between a wheeled robot and
a humanoid robot is presented by Kiener and von Stryk [5].
the wheeled robot positions a ball in front of the humanoid,
which in turn kicks into a goal. It is stated that the humanoid
robot could do the task independently of any help in the
presented scenario, but the wheeled robot can go to the ball
more efﬁciently. It is also stated that the humanoid robot might
have difﬁculties to reach and kick a moving ball.
Although involving an actual human being instead of an
humanoid, Penders et. al. [8] presented a multi-robot system
with similar characteristics to what is aimed in this work. Like
the system in which this work is a step, the robots are able to
escort and aid the ﬁreﬁghter. In this particular application, a
sensor network is built around the ﬁreﬁghter. The robots are
able to form a network around the person to give data on the
environment where they act.
Mas et. al. [7] presented escorting/patrolling through a
cluster space perspective. The multi-robot system offers many
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advantages to efﬁciently complete several tasks because of the
improvement in performance, strength and precision. To avoid
collisions, potential ﬁelds were applied to the robots.
III. MATERIALS AND METHODS
A. Sample Lloyd based Area Coverage System
Area coverage methods are used to make robots cover
an environment with their sensors. SLACS was presented by
Batista et al. [2] as a simple method based on CVTs. CVTs
are Voronoi tessellations that have their generator centers
coinciding with their corresponding polygons’ centers of mass.
The classic approach to area coverage using CVTs is to
consider that each robot is a generator of a Voronoi diagram,
compute the polygons, truncate these polygons to ﬁx inﬁnite
polygons, calculate the center of mass of each polygon, and
move the robot towards this center of mass, as seen in Lloyd’s
algorithm to approximate Voronoi diagrams to CVTs [6].
SLACS exempts the process of building Voronoi diagrams,
estimating the centers of mass through virtual samples gener-
ated around the robots. The average of all samples that are
nearest to a robot is used as an estimate of the center of
mass of its polygon. This generation is made according to
the robot’s available distance measurement sensor, generating
regular interval samples in the direction each measurement
reads. SLACS deal with environment obstacles naturally, since
sample generation in a direction is halted when the measured
distance is smaller than the distance that the next sample would
be from the robot. SLACS has some properties that can be
exploited in various multi-robot applications.
• When the robot team is homogeneous, each robot may
transmit only the number of generated samples instead
of the distance;
• Neighbor-to-neighbor distance avoidance is treated on
the sample average calculation;
• When no neighbors are available, SLACS works as an
obstacle avoidance routine.
Given a sample generation interval I and a distance mea-
surement ds from a distance sensor s, Algorithm 1 dictates
sample generation for all distance measurement sensors.
Algorithm 1 SLACS’s sample generation in a given distance
measurement (sth sensor)’s direction.
Require: generation interval I , sensor distance readings dsi,
sensor reading’s relative angle to its robot ai, number of
sensors NS
1: j = 1;
2: for i=1...NS do
3: Step = I;
4: while Step ≤ dsi do
5: Sj = [cos(ai)*Step, sin(ai)*Step];
6: Step = Step + I;
7: j = j + 1;
8: end while
9: end for
10: return Sample set Sj
B. Obstacle avoidance through repulsive forces
A classic approach to address navigation behaviors for
robots is by applying virtual forces. Each force is a vector
that attracts or repels a robot. Barnes et al. [1] uses to manage
a multi-robot formation, while Howard and Mataric [4] applied
to do area coverage.
In this work, repulsive forces are used as a more traditional
avoidance strategy, contrasting SLACS. Each potential force
is given considering each ultrasound sensor’s measurement
and its angle, like SLACS. Given the distance to an obstacle,
Equation 1 deﬁnes the module of the force applied by each
measurement. The direction is given by the relative position
of a measurement device’s relative angle to the robot. NS
represents the number of measurements and ds the obtained
distance. The division by NS was made to normalize the
forces, as it is required to avoid an excessive inﬂuence of the
repulsive forces during the behaviors’ linear combination.
|Rs| = 1
NS ∗ ds2 (1)
C. Escorting as an emergent behavior
In order to escort successfully, the obstacle avoidance
behaviors described in the previous section are combined with
a distance maintenance routine that consists on a vector that
directs the robot to (or off) the escort target, depending on
the robot’s distance to it. This distance is determined by a
threshold value (De).
Balancing these behaviors is key to obtain safe and ef-
fective escorting. An uneven balancing where the repulsive
forces are much stronger will make the robots avoid worrying
about escorting whereas the opposite will make robots collide
often. An example of ideal balancing involves a circular pattern
around the escort target. Figure 1 shows an example of ideal
escort positioning.
Fig. 1. Example of a successful escorting behavior. The green sphere is the
escort target.
As previously stated, the presented work aims to assist a
humanoid robot, and one of the predicted tasks is to clear small
obstacles that could make its trajectory difﬁcult. To achieve
this, a perpendicular force to the vector that points from a
robot’s position to the escort target is applied. This force tends
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robots to move around the escort target on a circular fashion.
A minimum threshold distance (Dp) is required to apply this
additional force. As will be discussed further in Section IV,
this change was beneﬁcial to the escorting behavior.
D. Simulation and control settings
The Virtual Robot Experimentation Platform (V-REP) is a
robotic simulator developed by Coppelia Robotics [10]. Based
on a distributed control architecture, objects and models can
be individually controlled via embedded scripts, a ROS node
or a remote API client written in several languages, as C/C++,
Java, Python, etc.
Fig. 2. V-REP Framework [9]
In this paper, the Robot Operating System (ROS) is used as
a middleware communication link. The V-REP API Framework
(Figure 2) has a ROS plugin that is loaded when V-REP
launches, allowing V-REP to act as a ROS node. Each robot
has its actions set by a program written in C++ that obtains
data about the robots and sends wheel speeds. Each robot is
controlled by a different ROS node.
In order to translate the output vector into wheel speeds,
Equation 2 was applied. Wl and Wr are the wheel speeds,
S is the linear speed, and φ is the angular distance between
the robot’s angle and the desired angle; WD and Wd are,
respectively, the distance between wheels and the wheel’s
radius.
Wl = (S −WDφTControl)/Wd
Wr = (S +WDφTControl)/Wd (2)
It was observed in preliminary tests that the robots were
having difﬁculty to deal with the constantly changing angular
direction shifts they had to make. This might have been due
to the constant turning caused by the wheel speeds given by
Equation 2, a problem that is likely linked to the nonholonomic
constraints. To circumvent this, WD was multiplied by a
turning control parameter TControl = 0.05.
IV. EXPERIMENTS
To evaluate this approach, a simulated square room with
a wall was built as a test environment (Figure 3). Three p3dx
Pioneer robots (the escort agents) and a collidable, measurable
and detectable sphere (the escort target) are also present in
the environment. The sphere follows a segmented path, with
represents a previously known trajectory that the robot must
take to reach the ﬁnal goal. All the three Pioneers have no
knowledge of the map or of the path taken by the escort target,
and should be guided only by their own data, the escort target’s
relative position and the data transmitted by its neighbors. It
is assumed that the escort agents have means to know the
neighboring robots’ relative positions. These robots also have
sixteen ultrasound sensors around their bodies to do distance
measurements.
Fig. 3. The environment used during tests.
The path has been created to force the robots to navigate
in proximity to walls and corners in order to test the robots’
maneuverability. To the potential ﬁeld algorithm, walls and
others robots have repulsive forces, and the sphere has both
attractive and repulsive force, to keep a minimum distance
maintenance without losing the target.
Eight different test sets were conducted. Each test set
differs in the avoidance policy (SLACS, repulsive forces) or
in the adopted constants’ values that exert inﬂuence over
the three combined behaviors: BA is the strength of the
collision avoidance’s output vector, BT is the strength of the
minimum distancing procedure, and BP is the inﬂuence of
the perpendicular behavior. The ultrasound sensor reach and
the minimum distance required to activate the perpendicular
behavior are equal to 2 meters.
SLACS only considers the nearest neighbor during these
simulations. The minimum distance adopted was equal to 1
meter. A white Gaussian noise with intensity equal to 0.02 was
inserted into the simulated sonar’s measurements. Distances
greater than 2 meters were truncated during data collecting
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(a) ref1 (b) ref2
Fig. 4. SLACS (4(a)) and Repulsive (4(b)). BA = 0.85, BT = 0.1, BP = 0.05.
(a) (b)
Fig. 5. SLACS (5(a)) and Repulsive (5(b)).BA = 0.9, BT = 0.05, BP = 0.05.
(a) (b)
Fig. 6. SLACS (6(a)) and Repulsive (6(b)).BA = 0.8, BT = 0.2, BP = 0.0.
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to avoid that such data hides excessive proximity among two
robots.
The averages of ﬁve simulations were calculated and pre-
sented in Figures 4(a) to 6(b). The average distance to the
nearest neighbor is in blue, whereas the red color indicates
the average distance to the nearest neighbor.
V. DISCUSSION
One primarily important observation to make about the
results is that scenarios where not all robots were not able,
on average, to escort the target can be identiﬁed by higher
average distances to the escort target; therefore, the tests in
Figures 4(b), 5(a), 5(b) and 6(b) had one or more robots unable
to complete the task.
A preliminary difﬁculty identiﬁed with these escorting
strategies using differential drive robots lies on the lack of
movement options to go around a neighboring robot and reach
the escort target. By using Equation 1, robots tend to turn often
without much linear speed, becoming unable to advance and
stay forward from the escort target. The results in which the
perpendicular force was applied had this problem mitigated by
forcing the robots to move around the escort target, opening
space to give opportunity to the other robots to position
themselves as desired.
Contrary to the authors’ initial expectations, this problem
was more noticeable using repulsive forces instead of SLACS,
especially considering the difference among results seen in
simulations where BP equals to zero. The difference between
measurements seen in Figures 4(b) and 6(b) can be explained
by this space opening, since the existence of a nonzero value
for BP is the most relevant difference.
In the results presented in Figures 5(a), the repulsive
forces were mostly able to follow the escort target regularly,
albeit maintaining an unsafe distance to its neighbors, causing
difﬁculties to some robots to reach an acceptable distance.
In SLACS’s case (Figure 5(b)), the robots mostly stopped
following the escort target. It is likely that the nonlinear growth
of the repulsive forces when the robots get nearer to obstacles
(and, therefore, its decrease when it gets further to them) took
a role in its better tolerance to distance maintenance parameter
changes.
The results presented show that SLACS maintained similar
results in tests 4(a) and 5(a), which suggests that SLACS had
less difﬁculty to manage space openings. This claim needs
additional proof with additional experiments, however. Being
able to follow without the perpendicular force encourages
escorting using SLACS to tasks which require maintaining a
stable position in relation to the escort target.
An important observation to be made towards the presented
results is that the repulsive forces did not have access to
inter-robot communication policies, but the Pioneer p3dx’s
ultrasound sensors are positioned in a way that allows obstacle
detection. It is possible that the results if a repulsive force to
the nearest neighbor was applied, but it would be necessary
to balance such force with the forces set by the ultrasound
readings.
VI. CONCLUSION
In this work, an escorting scenario with differential drive
robots was tested, applying both SLACS and repulsive forces
as coverage and obstacle avoidance strategies, following the
previous work presented by Batista et al. [3]. Escorting was
adopted aiming to develop differential drive teams that are able
to cooperate with a humanoid robot.
A perpendicular force was added in the escorting behavior
to clear the humanoid robot’s path. It was suggested that
both SLACS and the repulsive forces are viable strategies,
but SLACS can ﬁnd openings to encircle the escort target
with greater ease and the repulsive forces beneﬁted the most
from the perpendicular behavior, likely because of the distance
dependent formula of its output vector’ module.
As a future work, further investigations will be made to the
path clearing problem, positioning pushable obstacles in the
humanoid robot’s path. Although the presented work suggests
that the differential drive robots have advantages with each
presented avoidance strategy, no preliminary conclusion may
be taken yet regarding the potential to sweep objects from the
humanoid robot’s path.
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